Abstract: We used a polymicrobial (PM) biofilm model to examine associations of bacterial adhesiveness with surface characteristics of various dental materials. Four types of dental materials (apatite pellet, zirconia, ceramic, and composite resin) with rough and mirror surfaces were used. Surface roughness, surface free energy, zeta potential, and colony-forming units (CFUs) of the biofilm formations were measured. Biofilms were cultured for 24 h under anaerobic conditions, plated onto blood agar medium, and anaerobically cultured for 4 days. After culturing, CFU per mm 2 was calculated, and samples were observed under a scanning electron microscope. Means and standard deviations of the experimental data were estimated, and one-way ANOVA and Tukey multiple comparison assays were performed. Pearson correlation coefficients were obtained for the CFU and surface characteristics. Surface roughness and surface free energy appeared to affect generation of PM biofilms on oral materials, and zeta potential was involved in generation of PM biofilms on mirrorground oral materials.
Introduction
Dental plaque, a biofilm present in the oral cavity, causes two of the most common oral infections: caries and gum disease (1, 2) . The mechanism by which plaque adheres to and forms on the surface of teeth and restoration materials has been extensively studied (3) (4) (5) . Saliva-derived pellicles immediately form on the surfaces of thoroughly cleaned teeth and attract bacteria through chemical or electrostatic interactions or by antigens on the surfaces of bacterial cells (6) . The most common organisms present in oral biofilms are the initial colonizer Streptococcus spp., early colonizer Veillonella spp., middle colonizer Porphyromonas gingivalis, and Fusobacterium nucleatum (7, 8) . The ability of individual bacteria to generate biofilms increases dramatically in the presence of the Veillonella genus (9) . Increased plaque growth via repeated adhesion and desorption increases anaerobiosis in lower layers of biofilm and makes bacterial flora more complex (10) . The resulting thick biofilm is not easily removed, except by physical means. It therefore accumulates and causes deliming of dentin and gum irritation. Hence, the formation of oral biofilms must be controlled to prevent caries and gum disease in the oral cavity. Adhesion of plaque and pellicle is reportedly affected by surface free energy (SFE) and the surface roughness of the adherend (11, 12) . Busscher et al. reported very low plaque adhesion when the SFE of the tooth surface was less than 50 mN/m (13) . Thus, a reduction in the SFE of teeth and dental materials may reduce the extent of ongoing caries and gum disease.
The materials used for restorative and prosthetic devices have undergone major developments in recent years. In addition, a great variety of dental materials are now in use. The quantity of plaque generated on the surfaces of these materials has varied substantially in clinical trials. However, the surface characteristics of dental materials, as well as the adhesion and generation of biofilms on these surfaces, are rarely reported (14, 15) .
The present study used a polymicrobial (PM) biofilm model previously reported by Exterkate et al. to assess bacterial adhesiveness (16) by varying crown restoration materials and their surface roughness. To reveal biofilm adhesion factors, associations of bacterial adhesion with various surface characteristics were investigated in relation to roughness, SFE, and zeta potential. This model is based on next-generation sequencing of biofilm, which comprises at least 21 oral cavity-derived bacteria (17) . One bacterium may have multiple strains; thus, an environment approximating a biofilm could contain more than 700 strains of oral cavity bacteria.
Materials and Methods

Sample preparation
The experiments were conducted on four materials (Table 1) : sintered apatite (HAP, apatite pellet APP-100, HOYA Technosurgical, Inc., Tokyo, Japan), zirconia (Zr, Lava Plus Zirconia XL, 3M ESPE, Seefeld, Germany), ceramic (VB, VITABLOCS Mark II for CEREC/in Lab, VITA, Bad Säckingen, Germany), and composite resin (CR, Clearfil Majesty ES2, MX, Kuraray Noritake Dental Inc., Tokyo, Japan). HAP and Zr were used at their commercially available sizes (areas and thickness of HAP and Zr were 10 × 10 mm 2 and 2 mm, and 10 × 10 mm 2 and 0.8 mm, respectively). For VB, a CAD/ CAM block (area and thickness of 10 × 12 mm 2 and 15 mm, respectively) was cut out into a 1 mm-thick block with a low-speed precision cutting instrument (ISOMET, Buehler, Waukegan, IL, USA). CR was stamped onto a 10 × 10 × 1 mm 3 plastic mold and pressure-welded at 2 kg; the upper and lower surfaces were light-irradiated with a quartz-tungsten-halogen light curing unit (Optilux LCT, Sybron Dental Specialties, Inc., Tokyo, Japan) through a cover glass (Micro-slide glass, Matsunami Glass Ind., Ltd., Kishiwada, Japan) for 60 s.
Two sample groups with different surface roughnesses were prepared. All surfaces in the roughly ground surface (RS) group were ground with a #600 waterproof abrasive paper (FUJI STAR, Sankyo Rikagaku Co., Ltd., Okegawa, Japan) under running water; those in the mirror-ground surface (MS) group were ground with a #2000 abrasive paper and a 0.5-µm diamond slurry (Maruto Instrument Co., Ltd., Tokyo, Japan) under running water. All samples were adjusted to a thickness of 0.8 mm. The ground samples were ultrasonically cleaned for 30 min to remove all extraneous surface matter, dried at 50°C for 2 h, loaded to a clamp attached inside the stainless steel top cover of a 24-well culture plate, and sterilized at 60°C for 20 min with ethylene oxide gas.
Preparation of the saliva sample Saliva was collected by mastication of Parafilm (Pechiney Plastic Packaging, Chicago, IL, USA) under ice application. The subject was a healthy adult who had taken no antibiotics or antibacterial agents during the previous 3 months and possessed a row of natural teeth not infected with caries or gum disease. The collected saliva was immediately filtered through sterilized glass wool (NRK 
Surface free energy
Distilled water and diiodomethane (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were dropped separately onto the surface of the sample, and their contact angles with the surface were measured at 25°C by using an automatic contact angle meter (Model DCA-VZ, Kyowa Interface Science Co., Ltd., Niiza, Japan). SFE was then calculated by using the Owen and Wendt theoretical formula with FAMAS surface free energy calculation software (Kyowa Interface Science Co., Ltd.).
Zeta potential
The zeta potential of the sample surface was measured with a flow potential-type zeta potential measuring instrument for solid samples (SurPASS, Anton Paar, Graz, Austria). Measurements were performed in a 0.001-mol/L sodium chloride aqueous solution (Wako Pure Chemical Industries, Ltd.) under a pressure of 400 hPa.
Preparation of PM biofilm and measurement of colony-forming units (CFUs)
Frozen saliva was diluted to 50 times in buffered McBain semi-defined medium (0.2 wt% sucrose, 50 mmol PIPES,
.001 g/L hemin, and 0.0002 g/L vitamin K 1 ), as described by Exterkate et al. (16) . The diluted saliva was dispersed onto a 24-well culture plate. Samples were loaded onto the cover of the culture plate, dipped into the culture, and cultivated in an anaerobic atmosphere (CO 2 : 10.0%, H 2 : 10.0%, N 2 : 80.0%) at 37°C for 10 h. As a control, buffered McBain medium without saliva was cultivated in an anaerobic atmosphere for 14 h in the same manner. After cultivation, the samples with their formed PM biofilms were dipped in 2 mL of cysteine peptone water. The PM biofilm was removed from the sample under supersonic vibration (Transonic T780, Elma Electronic GmbH, Stuttgart, Germany) and dispersed with a test tube mixer (Vortex tube mixer VTX-3500, BDL, Turnov, Czech Republic). The dispersed samples were stepwise-diluted with cysteine peptone water. Next, 50 µL of the solution was seeded onto a tryptic soy agar blood plate and cultivated under the same anaerobic conditions at 37°C for 4 days. The average viable bacterial count and its standard deviation per 1 mm 2 of sample were determined from the measurements. The obtained viable bacterial count per 1 mm 2 was log-transformed and analyzed as logCFU/mm 2 .
Observation of the biofilm surface
The biofilm-coated PM sample was dipped into phosphate buffered saline (0.01 mol) for 30 s, washed with cacodylic acid buffer solution (0.1 mol) for 30 s, and dipped and fixed in a mixed solution of cacodylic acid buffer solution (0.1 mol) and glutaraldehyde (1%) for 1 h. The film was then washed twice (30 s per wash) with cacodylic acid buffer solution (0.1 mol), and dipped stepwise in 50%, 70%, 80%, 90%, and 100% ethanol (15 min per dip at room temperature). After a second dipping in 100% ethanol for 15 min, the film was finally dipped in isoamyl acetate for critical point drying.
The critical point-dried sample was fixed onto a brass sample stage with carbon tape, vacuum-deposited with a 200 Å-thick platinum surface layer, and observed under a scanning electron microscope (SEM; JSM-820, JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 5.0 kV.
Statistical analysis
The means and standard deviations of experimental data were calculated and analyzed with the one-way ANOVA and Tukey multiple comparison assays. The associations of viable bacterial count with surface characteristics were investigated by using the Pearson correlation test at a significance level of 5%. All statistical analyses were performed with IBM SPSS Ver. 20.0 software (IBM Japan, Ltd., Tokyo, Japan). Table 2 shows the Ra values of the samples measured with the contact-type surface profilometer. Ra was significantly lower in the MS group than in the RS group (0.024-0.052 µm vs. 0.055-0.249 µm; P < 0.05). In the RS group, Ra was particularly large for CR and significantly lower for Zr as compared with HAP (P < 0.05). There was no significant difference between the Ra values of Zr and VB (P > 0.05). In the MS group, no significant differences in Ra values were noted between HAP, Zr, VB, and CR (P > 0.05). Figure 1 shows the SFE of the study samples. The SFEs of all samples were less than 50 mN/m and did not differ significantly between the RS and MS groups (P > 0.05), except for CR. The SFE of CR was 41.6 mN/m in the RS group and 38.1 mN/m in the MS group. Figure 2 shows the zeta potentials of the samples in the MS group. Zeta potential was highest in CR (−58.8 mV) and lowest in VB (−39.0 mV). Zeta potential was significantly lower for VB than for the other materials (P < 0.05). Figure 3 shows the viable counts of bacteria adhered to the samples. In the RS group, viable bacterial counts were significantly lower for Zr and VB than for HAP (P < 0.05) but were similar in HAP and CR (P > 0.05). In the MS group, viable bacterial counts were similar for Zr and VB, as compared with HAP (P > 0.05), but were significantly higher for CR than for the other materials (P < 0.05). The viable bacterial count differed significantly (P < 0.05) between the RS and MS groups regardless Fig. 1 Graph showing the surface free energy of dental materials used in this study (n = 9). There is no significant difference between bars labeled with the same letters for each dental material used (one-way ANOVA and post-hoc Tukey multiple comparison tests, P < 0.05). Surface free energy was less than 50 mN/m in all specimens.
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Fig. 3
Graph showing CFU values for bacteria on dental materials. There is no significant difference between bars labeled with the same letters for each dental material (one-way ANOVA and post-hoc Tukey multiple comparison tests, P < 0.05). Significant differences in CFUs between the rough surface (RS) and mirror surface (MS) groups (P < 0.05) were observed for HAP, Zr, VB, and CR. The values for Zr and VB were significantly lower than that for HAP.
Fig. 2
Graph showing the zeta potentials of the MS group for each dental material. There is no significant difference between bars labeled with the same letters for each dental material used (one-way ANOVA and post-hoc Tukey multiple comparison tests, P < 0.05). The zeta potential of CR was significantly higher than that of HAP (P < 0.05).
of the material used. Among all samples, counts were remarkably low for the HAP, Zr, and VB materials in the MS group. Figure 4 shows images of PM biofilm adhered to samples in the MS group. The HAP surface was covered with several small bacterial aggregates separated by gaps that revealed the underlying bare surface. The Zr and VB surfaces were sparsely coated with bacteria, which were separated by numerous gaps, exposing parts of the underlying surface of the dental material. However, the CR surface was completely and evenly coated by a layer of bacteria.
Biofilm observations
Correlations of viable bacterial counts with surface characteristics
The correlations of viable bacterial count with Ra, SFE, and zeta potential were assessed with the Pearson correlation test (Table 3 ). The correlation coefficients between viable bacterial count and Ra were 0.799 (P = 0.201) and 0.167 (P = 0.833) in the RS and MS groups, respectively, and the correlation coefficients between viable bacterial count and SFE were 0.921 (P = 0.079) and −0.066 (P = 0.934) in the RS and MS groups, respectively. Viable bacterial count was unrelated to zeta potential (correlation coefficient −0.835; P = 0.165).
Discussion
Dental plaque is a typical biofilm composed of multiple bacterial strains. To generate a biofilm, floating bacterial cells in the saliva first adhere to the tooth surface and form microcolonies. Over time, the bacteria agglutinate, proliferate, and grow into a mushroom-shaped mature biofilm composed of glycocalyx, a capsular polysaccharide synthesized outside the bacterial cells. Biofilm-generating bacteria such as Actinomyces spp., Streptococcus spp., Propionibacterium acnes, and P. gingivalis produce extracellular polysaccharide (EPS) and proliferate or agglutinate, eventually covering the surface with a biofilm (6) . Subsequently, within a few minutes, the thickness of the biofilm coating the oral cavity reaches approximately 1 µm (18) . The bacteria adhere to the tooth surface through nonspecific interactions such as van der Waals forces, electrostatic interactions, and specific interactions with glycoproteins on the cell surfaces. Non-EPS-producing bacterial strains are also important in biofilm generation (9, 19) ; however, the generation mechanism has not yet been determined. Previous in vitro biofilm studies used microtiter plates as the substrate (20), mixtures of bacteria and saliva as plantation bacteria (21), and an artificial oral cavity plaque as the biofilm model (22, 23) . In the present study, we adopted the PM biofilm model (16) described by Exterkate et al., which generates biofilms from various bacteria in the oral cavity. This model also generates and treats multiple independent biofilms in single experiments, offers strong adhesion, simultaneously treats different solid phases (substrates), and facilitates easy adjustments of treatment times and drug concentrations (17, (24) (25) (26) (27) . No alternative existing biofilm model satisfies all these conditions. According to Exterkate et al., their model is superior to conventional biofilm models for several reasons. First, it achieves more active adhesion of bacteria to the solid phase than do conventional models, which often exhibit defective adhesion proper- (16) . Second, bacterial flora in the generated biofilm reflect the inhabitants of the oral cavity (17, 25) . The cultivation and identification of biofilms in oral cavities containing various bacteria is difficult in conventional models. Biofilms containing single or only a few strains respond differently to diverse biofilms after treatment with an antibacterial agent (16) . Reproduction of various bacterial strains probably contributes to strong adhesion of the biofilm to the solid phase. In the present study, saliva was collected from a test subject, mixed with sterilized glycerin, and stored at −80°C. Consequently, all biofilms in every experiment were identical in quality.
To investigate the effect of surface roughness on plaque adhesion, the material surface was roughly ground with a #600 waterproof abrasive paper. These samples, ground to the carborundum point or white point, formed the roughly ground RS group. The standardized abrasive ground method was used in this experiment because it is difficult to approximate the roughness of a material from its hardness, even in those ground with waterproof abrasive papers of identical roughness.
Consequently, the Ra values in the RS group differed among samples and were much higher than those in the MS group. The standard deviation of the Ra was large in the RS group and small in the MS group, indicating that the Ra values in the latter group were approximately correct. Shintani (14) reported that plaque adhesion increases on rougher surfaces. In contrast, Bollen et al. reported that Ra values less than 0.2 µm do not affect bacterial adhesion (28) , and a study by Nascimento et al. showed that bacterial adhesion to titanium and zirconium was insensitive to Ra (29) . However, Dorkhan et al. reported high bacterial adhesion on rough surfaces coated with saliva (30) and found that adhesion to composite resin is not influenced by surface characteristics. Yamamoto et al. reported that adhesion to fillers in resin is affected by Ra (31). However, Busscher et al. reported high biofilm adhesion on composite resins with deteriorated surfaces and suggested that conductive materials such as metals increase bacterial adhesion by electron attraction (15) . In the present study, viable bacterial count was uncorrelated with Ra in the RS group, despite the increase in counts after an increase in Ra values. The significant differences in viable bacterial counts between the RS and MS groups for all materials (HAP, Zr, VB, and CR) suggests that polishing decreases bacterial adhesion to the surfaces. Moreover, in the MS group, the Ra values of all samples were low and weakly correlated with viable counts, suggesting that factors other than adhesion affect biofilm growth on very smooth surfaces (Ra ≤0.1 µm); therefore, we presume that bacterial adhesion is influenced by Ra values ≥0.1 µm.
The SFE of all materials was 50 mN/m or less and was not affected by changing Ra values. The SFE is related to the wettability of the material surface. A small contact angle implies high SFE and high surface adsorbability of the material (32) . According to Wenzel and Nonomura, the SFE per unit area on rough surfaces is an increasing function of the changing surface area (33, 34) . However, in the present study, SFE was not significantly associated with roughness. The wettability of solid surfaces depends on the SFE and Ra of the materials. The SFE per unit area, expressed as the surface tension ɤ (Nm −1 or Jm −2
), decreases with increasing hydrophobicity. Furthermore, SFEs of solid substances also depend on the chemical structure, such as the functional groups on the surfaces, and can be changed by surface modification or other techniques (35) . Thus, on the basis of these factors, we infer that Ra does not affect SFE.
Van Dijk et al. reported that high SFE encourages plaque adhesion (11) . Similarly, Quiynen et al. demonstrated low bacterial adhesion on Teflon, with a SFE of 20 mN/m, and concluded that the amount of plaque adhesion is affected more by Ra than by SFE (12) . In the present study, because the SFE of all samples was approximately 50 mN/m, we presume that SFE can be altered by bacterial adhesion at 20 mN/m. Ionescu et al. reported that SFE is affected more by initial bacterial adhesion than by long-term cultivated biofilms, which is inconsistent with our results (36) . This difference may be attributable to the 24 h cultivation time in our study. Moreover, we did not experimentally assess initial bacterial adhesion in this study. The correlation between viable bacterial count and SFE was not significantly different between the RS and MS groups, and the SFE in each group was only approximated. Therefore, we presume that factors other than SFE may have an effect on biofilm generation.
The effect of zeta potential on Ra has not been reported previously; therefore, in the present study zeta potential was measured in the MS group only. Zeta potential indicates the charged state on surfaces of colloidal particles and solid substances in solution. Under an applied electric field, charged particles respond to electric force associated with the zeta potential of the surrounding electric double layer. Although zeta potential has been measured and discussed in relation to bacterial adhesion to dental materials (37), many issues remain unresolved. The bacterial cell membrane is affected by proteins and sugar chains, which impart a small negative charge to the bacterial cell surface. In many cases, the adhered surface is also negatively charged in water. When a bacterium approaches a negatively charged surface, it experiences van der Waals forces and electrostatic repulsive forces, which are summed in the total energy calculation. Nakamura et al. reported that the zeta potential is most negative in the tooth crown resin, followed by the base resin and ceramics. The smaller the absolute value of the zeta potential on bacterial surface, the more easily bacteria adhere to a surface. Similarly, the larger the negative zeta potential of a material, the higher the quantity of bacterial adhesion (37) . Electrostatic interaction has been reported during the adsorption of oral cavity bacteria to the surfaces of dental materials, and this phenomenon critically depends on zeta potential (37). Scarano et al. attributed the low bacterial adhesion on zirconium to the electrical conductivity of the material (14) . In the present study, the correlation between viable bacterial count and zeta potential did not differ significantly among the materials. Moreover, the correlation was moderately negative, indicating that the larger the negative zeta potential of the dental material, the greater the extent of bacterial adhesion.
In the MS group, SEM observations of the PM biofilms revealed different adhesion patterns among the various samples (Fig. 4) . In HAP, the bacteria adhered to the entire sample, whereas in Zr and VB, they formed small bacterial aggregates separated by many gaps exposing the underlying bare surface. In CR, the bacteria covered the entire surface of the sample and formed thicker aggregates than in HAP. These differences in adhesion pattern with similar viable bacterial counts suggest that the surface characteristics of the dental materials play a role in bacterial adhesion.
Bacterial adhesion to the surfaces of dental materials has been extensively studied. Busscher et al. reported limited bacterial adhesion on tooth surfaces with SFEs lower than 50 mN/m (13) . Previously, we attempted to develop a tooth surface adulterant that reduces the SFEs of tooth and dental material surfaces, while offering acid resistance and prevention of adhesion, plaque generation, and deliming of the dentin. The adulterant was intended to prevent caries and gum disease (38) . In the present study, however, viable bacterial counts changed when the SFE was less than 50 mN/m, regardless of the material used. This indicates the involvement of factors other than SFE. Decreasing the SFE by grinding alone is extremely difficult in clinical trials. To limit bacterial adhesion to the surfaces of dental materials, the surface should be smoothed as much as possible, to reduce SFE. Alternatively, materials with high zeta potential should be used.
In summary, the present findings suggest that surface roughness affects generation of PM biofilm on oral materials, that zeta potential is involved in the generation of PM biofilms on mirror-ground oral materials, and that SFE has a role in the generation of PM biofilms.
